In vivo, biomechanical stress plays an important role in tissue physiology and pathology, affecting cell and tissue behavior. Even though conventional outflow tissues are constantly exposed to dynamic changes in intraocular pressure, effects of such biomechanical stressors on outflow function have not been analyzed. The purpose of the present study was to determine the effect(s) of ocular pulse on conventional outflow facility in perfused anterior segments. METHODS. The anterior segment perfusion model was used to investigate the impact of ocular pulsation on human and porcine outflow facility. To determine tissue viability of human anterior segments, three complementary techniques (postperfusion morphology and cell density of outflow tissues plus central corneal thickness measurements over time of perfusion) were used. RESULTS. A consistent decrease in outflow facility was observed in response to cyclic intraocular pressure in both porcine (Ϫ29.96% Ϯ 6.56; P ϭ 0.009) and human (Ϫ27.65% Ϯ 8.26; P ϭ 0.010) perfused anterior segments. Viability data showed no significant difference between control and experimental anterior segments, with respect to postperfusion histologic evaluations (P ϭ 0.227) or change in central corneal thickness over time (P ϭ 0.289). In contrast, the cellularity of the trabecular meshwork in experimental (cyclically pulsed) anterior segments (333.86 Ϯ 22.15 nuclei/field of view) was greater than in the control eyes (290.47 Ϯ 17.60, P ϭ 0.05). CONCLUSIONS. Decreased outflow facility in cyclically pulsed anterior segments is not a function of cell or tissue damage, but rather is an active response of the conventional outflow tissues to a biomechanical stimulus. In fact, the observation of increased cellularity in tissues exposed to cyclic stress suggests a physiological benefit of mechanical stress to outflow cells in organ culture. (Invest Ophthalmol Vis Sci. 2008;49:275-281) 
PURPOSE.
In vivo, biomechanical stress plays an important role in tissue physiology and pathology, affecting cell and tissue behavior. Even though conventional outflow tissues are constantly exposed to dynamic changes in intraocular pressure, effects of such biomechanical stressors on outflow function have not been analyzed. The purpose of the present study was to determine the effect(s) of ocular pulse on conventional outflow facility in perfused anterior segments. METHODS. The anterior segment perfusion model was used to investigate the impact of ocular pulsation on human and porcine outflow facility. To determine tissue viability of human anterior segments, three complementary techniques (postperfusion morphology and cell density of outflow tissues plus central corneal thickness measurements over time of perfusion) were used. RESULTS. A consistent decrease in outflow facility was observed in response to cyclic intraocular pressure in both porcine (Ϫ29.96% Ϯ 6.56; P ϭ 0.009) and human (Ϫ27.65% Ϯ 8.26; P ϭ 0.010) perfused anterior segments. Viability data showed no significant difference between control and experimental anterior segments, with respect to postperfusion histologic evaluations (P ϭ 0.227) or change in central corneal thickness over time (P ϭ 0.289). In contrast, the cellularity of the trabecular meshwork in experimental (cyclically pulsed) anterior segments (333.86 Ϯ 22.15 nuclei/field of view) was greater than in the control eyes (290.47 Ϯ 17.60, P ϭ 0.05). CONCLUSIONS. Decreased outflow facility in cyclically pulsed anterior segments is not a function of cell or tissue damage, but rather is an active response of the conventional outflow tissues to a biomechanical stimulus. In fact, the observation of increased cellularity in tissues exposed to cyclic stress suggests a physiological benefit of mechanical stress to outflow cells in organ culture. (Invest Ophthalmol Vis Sci. 2008;49:275-281) DOI:10.1167/iovs.07-0863 I ntraocular pressure (IOP) is generated and maintained within a narrow range as a result of the balance between aqueous humor secretion and aqueous humor outflow. In humans, the majority of aqueous humor exits the eye via the conventional outflow pathway, composed of trabecular meshwork (TM) and Schlemm's canal (SC). The conventional outflow pathway is pressure sensitive, actively responding to its microenvironment by regulating fluid flow. 1, 2 The exact mechanisms by which trabecular outflow structures sense and respond to biomechanical forces is not well understood.
In other tissues, mechanical stress is a critical regulator of cell behavior, altering functional and structural properties. [3] [4] [5] [6] For instance, endothelial cells respond differently to various types of stress and frequencies and are able to discern between static and dynamic stressors. 7 In the conventional outflow pathway, studies have shown that resident cells respond to mechanical changes (i.e., increase in IOP) by altering their morphology. 8, 9 However, IOP is not a steady force but a dynamic stressor that continuously alters the biomechanical environment to which the conventional pathway tissues are exposed. 10 For example, diurnal variations in IOP (circadian rhythm) are know to occur throughout the day with an approximate peak-to-peak magnitude of 5 mm Hg, with IOP reaching its highest point during the nocturnal period. 11, 12 In addition, blood pulsations with each heartbeat transmit waves that create transient, repetitive changes in IOP at a rate of approximately 2.7 mm Hg/s (ocular pulse). 13 The effect that these cyclic changes in IOP have in regulating resistance to aqueous humor flow through the conventional pathway is unknown. The goal of the present study was to investigate the effect of cyclic biomechanical stress on outflow facility through the conventional outflow pathway. We hypothesized that anterior segments perfused in the presence of a dynamic stress (i.e., cyclic IOP) differ from those cultured under static conditions.
MATERIALS AND METHODS

Donor Eye Tissues
Enucleated human eyes were obtained from the National Disease Research Interchange (Philadelphia, PA), the Life Legacy Foundation (Tucson, AZ), the Donor Network of Arizona (Phoenix, AZ), and Sun Health Research Institute (Sun City, AZ), in accordance with the guidelines of the Declaration of Helsinki for research involving human tissue. Enucleated eyes were free of any known ocular disease and were stored in a moist chamber at 4°C until dissection.
Porcine anterior segments were obtained from the University of Arizona's meat science laboratory within 5 hours of death. Enucleated eyes were stored in phosphate-buffered saline at 4°C and were used within 10 hours of death.
Anterior Segment Dissections
Dissections were performed as previously described. 14, 15 In brief, eyes were hemisected at the equator and vitreous and lens were removed. The iris was trimmed from the root, and the ciliary processes were excised, but the longitudinal ciliary muscle bundles and the conventional outflow tissues were left undisturbed. In porcine anterior segments, the pectinate ligaments were carefully detached.
Pulsatile System Design
To isolate and study the resistance generated by the conventional outflow pathway in response to different biomechanical conditions, a modified version of the anterior segment perfusion model was custom built (Fig. 1) . In addition to a syringe pump (PHD 2000 Programmable Syringe Pump; Harvard Apparatus, Holliston, MA) generating a constant inflow rate of 2.5 L/min, a positive piston displacement pump (Pulsatile Blood Pump; Harvard Apparatus) was used in tandem to generate IOP oscillations that simulated the ocular pulse found in vivo. An additional real-time pressure transducer (Research Grade Blood Pressure Transducer; Harvard Apparatus) was located in parallel to the original pressure transducer (Pressure Sensor 142PC01G; Honeywell, Golden Valley, MN) to monitor and adjust peak-to-peak magnitude of intraocular pulsations.
Anterior Segment Pulsatile Perfusions
Postmortem paired human eyes were perfused at a constant inflow rate (2.5 L/min) until they reached a stable baseline facility within a physiological range. When outflow facility had been stable for Ն8 hours, the real-time pressure transducer and the pulsatile blood pump were connected to the system. After the outflow facility recovered to baseline, IOP pulsations were introduced with a peak-to-peak magnitude of 2.7 mm Hg at a frequency of 1 Hz. Peak-to-peak pressure was monitored and manually adjusted until the desired magnitude was obtained. In the meantime, average intrachamber pressure was kept undisturbed by means of a column reservoir. The pressure sensor (Honeywell), connected in series with the anterior segment, was used to record intrachamber pressure every 2 minutes throughout the experiment. Data were stored (Data Acquisition Logging Unit; Valitec, Dayton, OH) and later used to calculate outflow facility (inflow rate/ pressure). During IOP oscillations, the transducer (Real-Time Transducer; Harvard Apparatus) was used to monitor pressure at a frequency of 100 to 500 Hz. One eye of each pair received pulsation while the contralateral eye underwent a standard (steady) perfusion.
Viability
Human anterior segment viability was analyzed by three different methods: determination of the change in central corneal thickness (CCT) over the time of experiments, postperfusion histology of outflow tissues, and cell density in outflow tissues by nuclear density counts.
Central corneal thickness (CCT) was measured throughout the experiment with an ultrasound pachymetry system (Handy Pachymeter SP-100; Tomey, Waltham, MA). Every CCT measurement represented an average of three to five individual readings. The first CCT measurement was taken before tissue dissection, and consecutive measurements were taken every subsequent day (for 2 to 6 days) until IOP fluctuations were introduced into the system. CCT slopes from each individual anterior segment were later calculated over time of perfusion and pooled together to obtain an average Ϯ SE measure of rate of change of CCT for both control and experimental groups.
After perfusion, DMEM was quickly exchanged for 3% paraformaldehyde at 10 to 15 mm Hg. Anterior segments were perfusion fixed for 1 hour at a constant inflow rate of 2.5 L/min. Wedges from each quadrant were processed by standard histology, and 0.5-m radial sections were cut and stained with toluidine blue. Tissue was evaluated in a masked fashion according to a previously described standard scoring system. In brief, a score of 0 represented a nonviable tissue in which the inner wall has been disrupted and cells are not present anywhere in the TM; 1 indicated that few cells were present in the TM and that the inner wall was intact; 2 designated tissue with a well populated-juxtacanalicular tissue (JCT) and an intact inner wall; 3 indicated that the corneoscleral meshwork as well as the JCT were well-populated with cells; and 4 corresponded to the tissue's being in excellent condition with healthy-appearing cells present everywhere in the outflow pathway.
To determine tissue cellularity, additional wedges were taken from each quadrant of previously perfusion-fixed tissue and stored in 2% paraformaldehyde solution. Tissue wedges were later embedded in optimal cutting temperature (OCT) compound and frozen sections were prepared (5 m thick). Tissue sections were labeled using 4Ј-6-diamidino-2-phenylindole (DAPI) to stain nuclei. Sections were oriented so that the filtering region of the TM was visible in the field of view (FOV), using the scleral spur as a landmark. Two sequential tissue sections were analyzed for each quadrant (eight sections per eye) and nuclei were counted in a masked fashion at 400ϫ magnification (IX70 microscope; Olympus, Tokyo, Japan). Microscopic FOVs represented an approximate TM area of 0.196 mm 2 . Results are expressed as the average number of nuclei of eight different FOVs per eye.
Because of the freshness of the tissue, the viability of porcine anterior segments was determined solely by analyzing facility traces over time. Anterior segments that did not show a characteristic washout [17] [18] [19] and/or did not reach a stable baseline in the range of 0.3 to 0.5 L/min/mm Hg within 5 days of perfusion were rejected.
RESULTS
Twelve pairs of human eyes from donors of a mean Ϯ SD age of 73 Ϯ 13.3 years were perfused in organ culture, averaging (5.14 Ϯ 1.5 hours) from time of death to time of enucleation and (23.45 Ϯ 11.0 hours) from time of death to time to receipt of tissue in our laboratory. A summary of the results of all human anterior segment perfusions (including donor information, time from death to enucleation, time from death to tissue receipt, and outflow facilities before and after pulsatile IOP) is contained in Table 1 . Outflow facility information for all porcine anterior segment perfusions is shown in Table 2 .
Anterior Segment Perfusions
A decrease in outflow facility over time in response to IOP oscillations was observed in both the human and the porcine anterior segments. Average outflow facilities before normalization showed no significant difference between the control (0.21 L/min/mm Hg) and the experimental (0.19 L/min/mm Hg; P ϭ 0.368) groups of human anterior segment perfusions. Data from the paired human anterior segments showed an average facility decrease of Ϫ27.7% Ϯ 8.3% (mean Ϯ SEM), whereas the control paired eyes showed no decrease in outflow facility (0.4% Ϯ 1.3%). These results were remarkably similar to the average decrease in outflow facility (Ϫ27.3% Ϯ 6.5%) observed in data pooled from all paired and unpaired human anterior segment perfusions.
Similarly, outflow facilities of porcine anterior segments showed no significant difference between the control (0.43 L/min/mm Hg) and experimental (0.46 L/min/mm Hg, P ϭ 0.56) groups before normalization to their stable baselines. Like the human anterior segments, the porcine anterior segments showed an average decrease in outflow facility (Ϫ29.96% Ϯ 6.56%) in the experimental group in response to IOP oscillations, whereas no significant change in outflow facility (Ϫ0.6% Ϯ 4.87%) was observed in the paired control group.
A biphasic decrease in normalized outflow facility was observed in both species of anterior segments in response to physiologically relevant cyclic mechanical stress (pulsatile IOP for durations of 8 to 10 hours). A significant difference between control and experimental groups was recorded 8 hours (P ϭ 0.048) after pulsatile pressure stopped (Fig. 2) in the human anterior segments and 19 hours (P ϭ 0.025) after IOP oscillations in the porcine anterior segments (Fig. 3 ).
Viability
Studies 20 from our laboratory have shown that a decrease in CCT over time correlates with an increase in viability of outflow tissues cultured using the anterior segment perfusion model. Based on these previous experiments, CCT was used as a real-time viability indicator from the beginning of perfusion until IOP oscillations were introduced to the system. The average slopes of the CCT versus time curves showed no significant difference between control (slope: Ϫ1.37 m/h) and experimental (slope: Ϫ1.13 m/h, P ϭ 0.289) human eyes (Fig. 4) .
Second, tissue viability was assessed in the traditional manner by examining morphologic appearance of outflow tissues after perfusion. Figures 5B and 5C illustrate representative histologic sections of an experimental and a control human anterior segment. There were no obvious differences in tissue structure or cellularity between tissues exposed to pulsatile IOP and the paired controls. After we examined all tissues, we found that the mean histologic scores were not significantly different between the control (2.03) and experimental (2.14, P ϭ 0.227) human anterior segments (Fig. 5A) .
Last, outflow tissue cellularity was examined. The groups of anterior segments were pooled and averaged to give the mean (ϮSEM) of nuclei per FOV in each group (control and experimental). Altogether, anterior segments exposed to IOP oscillations showed an average nuclear count per FOV of 333.86, whereas their paired controls averaged 290.47 nuclei per FOV. Control and experimental groups were significantly different (P ϭ 0.05) in the cellularity of the conventional outflow tissues (Fig. 6 ).
DISCUSSION
The primary goal was to examine the capacity of conventional outflow tissues to respond to a cyclic biomechanical stress. Both human and porcine anterior segments exposed to pulsatile IOP responded with a consistent decrease in outflow facility, having remarkably similar magnitudes and patterns of response. Using three complementary techniques to evaluate viability of outflow tissues, we established that the observed decrease in outflow facility was not a consequence of tissue damage, suggesting instead an active response of outflow tissues to the cyclic biomechanical stress. Mechanical stress impacts normal tissue physiology and plays a role in several diseases. 3, [21] [22] [23] [24] Conventional outflow tissues (in vivo) are exposed to a variety of mechanical forces (static and dynamic) that may impact their function and morphology. Since past research has primarily focused on how a static increase in IOP can affect outflow tissues, little is known about the effect of cyclic or dynamic stresses applied to these tissues. Using the anterior segment perfusion system, we successfully introduced and studied the effects of a physiologically relevant pulsatile stress on the trabecular outflow tissues. Our results show a biphasic decrease in outflow facilities of human and porcine anterior segments. Because the anterior segment model physiologically isolates the conventional outflow pathway, decreases in outflow facility can be directly linked to an increased resistance through this pathway.
Of note, despite the physiological and anatomic differences that are known to exist among species, the porcine and human anterior segments showed similar behavior in response to cyclic biomechanical stress. Although a significant decrease was observed earlier in human anterior segments, both species showed a biphasic behavior in outflow facility that was characterized by two consecutive decreases in outflow facility over time. A short-term decrease was observed in both species during the pulse period and was followed by a second decrease in outflow facility starting approximately 9 hours (human) and 15 hours (porcine) after pulsation. Although differences in onset of responses may be related to disparities in the anatomy of conventional outflow pathway or difference in freshness of tissue preparations, the pattern of responses was remarkably similar, suggesting that the decreases in outflow facility observed are not species-specific, but instead are an intrinsic cellular reaction to a physiological stress. If true, it is likely that such a mechanism is integral to the regulation of outflow facility.
Both real time (CCT) and histologic scoring methods of viability evaluation showed no significant differences between segments exposed to pressure oscillations and their paired controls that were cultured under nonpulsatile conditions. Results suggest that the decrease in outflow facility observed in response to cyclic IOP oscillations was not a function of damage to cells or structures in the conventional outflow pathway, but rather an active cellular response to the mechanical stimulus. Even though CCT and histologic evaluations were not different between control and experimental groups, we unexpectedly observed an increased cellularity in the experimental group. The increased number of nuclei per FOV in response to cyclic stress suggests that some stressed cells (due to postmortem time and manipulations before perfusion) may have recovered in response to cyclic mechanical stress. Such an observation is congruent with the hypothesis that in vivo cells are exposed to a variety of mechanical forces and therefore have an affinity for being stressed. Previous studies that examine endothelial cell behavior suggest that contractility plays an important role in tissue response to cyclic mechanical stress. [25] [26] [27] Given that the TM is a smooth-muscle-like tissue with contractile properties and that drugs that affect contractility of TM influence facility, 28 -31 we speculated that the decrease in outflow facility observed in response to pulsatile IOP is related to TM contractility and associated with calcium signaling through stretch-activated cation channels. Opening of stretch channels may lead to cell depolarization and L-type calcium channel activation. With this line of reasoning, introduction of a calcium channel inhibitor (i.e., nifedipine) to our novel model system may provide a better understanding of the importance of calcium-dependent contractility in the TM in response to cyclic IOP.
Although our calcium hypothesis is plausible, the mechanism(s) responsible for the observed increased resistance through the outflow pathway in response to cyclic mechanical stress are presently speculative. Further studies are needed to determine the exact mechanism that underlies the response of outflow cells to cyclic stress. Regardless, given that outflow tissues are exposed to a unique biomechanical environment that plays a role in cellular distribution of filamentous (F)-actin 23, 32 (and now outflow facility), we hypothesize that the morphology and organization of F-actin fibers (and associated cell junction complexes) in response to cyclic stress will provide a better understanding of the role that biomechanics play in the regulation of conventional outflow.
